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B-meson or Kaon decays occur at low energies, at scales pu << Myy.

We pass from the full theory of electroweak interactions to an effective theory by removing the high-
energy degrees of freedom, i.e. integrating out the W-boson and all the other particles with m ~ Myy.

ﬁ(full EWxQCD) 7 Log = L quveqen (quarkg#t) + N En] Chn(p) Qn

& leptons

Qn — local interaction terms (operators), C,, — coupling constants (Wilson coefficients).
: B + :
Operators (dim 6) that matter for Dg — (L' [l read:
Q — (b~& T : :
A = Y ’758 [L'Ya’)%u — the only relevant one in the SM at the LO in QED

Qs(p) = (byss) (B(7:)p) = i(b7a7§21?£f(75)“)

vanishing total
by EOM derivative

Necessary non-perturbative input: <O | I_)’Ya’)% S | BS (p) > — ’Lpa fBS

decay constant
Such a matrix element vanishes for (b’)/ *s ) and (bS ) because B s is a pseudoscalar.
It also vanishes for (bO’ of S ) because no antisymmetric tensor can be formed from pa alone.
— (E «a — . s .
QV = Y ")/58) (yq/ay,) gives no contribution at the LO in QED because
o — — — _
P*(BYap) = ppp = @(Bu+ + Bu-)p = p(—my + my)p = 0.

Q s gets generated in the SM via the Higgs exchange, but...— see next page.



Evaluation of the LO Wilson coefficients in the SM:

u u
u,c,t w — 7
S wW b S ¢ u,c,t ¢ b . )
by Psy,
0 2__
( ) ( /M2 ) 9 YO(w) — 8(:13 1)2 Inx + m(w_41w)9

my,
Effects of C S on the branching ratio are suppressed by M és / M ‘%V = negligible.

Thus, only C 4 matters in the SM.



Evaluation of the Wilson coefficients in the Two-Higgs-Doublet Model 11

! u
uel W, H = Z,h, H, A
b W, H S b u,c,t S
@ @ b S
tan 3 = va/ = M2, /m3
all — v92/ V1, < = H:t mt,
m,, M tan H.E. Logan and U. Nierste,
Cg ~ Cp ~ kb0 O Inz > 0, NPB 586 (2000) 39

4M‘%V z—1 (O(tan B3) neglected)

B(B. — i) = (const) |[572C = O 4 Ol

Cy= CElM +ACy _ { SEppression ior Lnoderate Cs, pl
positive mall enhancement for huge tan (3 only



Average time-integrated branching ratio:

- N2M3 2
B(B, > ptp) = S B g (jrCa — uCpl” i+ [uBCs|” Fs ) + O(ctem)s

VAVie G2, M3 2 M
_ Y VtsbpViw _ amy — a2 _ Bs
N r B =+v1—1r2 u =

where — 2 ; = MBS’
_ AT 271 NP SM CP
= 1-— re- sin 305 + arg(rCq — uCp)] 1,
- AT 9 11 NP SMCP TS derived following | K. de Bruyn et al.,
= 1-— Ccos [gﬁbs + arg CS} ? FI%[ Phys. Rev. Lett. 109 (2012) 041801]

It



Average time-integrated branching ratio:

B(BS — 1 ) — 8mI'3, /6 |TCA — UCPl + |’U,,605| + O(aem)a
ViiVis G2 M2 2 M
— YwpVts T pVw — My — /1 — 22 — Bs
where N —_ 7_‘_2 ) r = MBS’ /8 - ]‘ r ? u = mb—|—ms ?
S . SM CP
1 — &2 sin® 2N + arg(rCa — uCp)] — 1,
rs 278
AT 9 11 NP SMCP T4 derived following | K. de Bruyn et al.,
1 - T3 COS [§¢8 + arg CS} ? FI%[ Phys. Rev. Lett. 109 (2012) 041801]

In the limit of no CP-violation, mass eigenstates are CP eigenstates:
Heavier, CP-odd: B! = \/_(B + B,), annihilated by by55 -+ 5v5b, (i = 1.616(10) ps)
Lighter, CP-even: B = \/_(B — B,), annihilated by by55 — 575b, (r = 1.519(4) ps)

Our interactions in this limit are all CP-even:

Qi+ QY = [(B7*v,3) + (37°,b)] (BYaVs1t)

Qr + Qb = [(bv,5) + (37,b)] (B, 1)

Qs + QL = [(by,s) — (37,b)] (ap) }annihilates B produces CP-even dimuons

With SM-like CP-violation — still () 4, p annihilate B2’ and Q5 annihilates B
Beyond SM — interesting time-dependent observables, see arXiv:1303.3820, 1407.2771.

annihilate B f, produce CP-odd dimuons



Evaluation of the NNLO QCD matching corrections in the SM

[T. Hermann, MM, M. Steinhauser, JHEP 1312 (2013) 097]
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Subtleties: (i) counterterms with finite parts ~ by Psy

(ii) evanescent operators: Ep = (b7,7,7:758) (BY Y7 Ys51t) — 4(bVa58) (Y s 10)
Er = Tr (v"v"777%75) (0775 Y0 8) (Ve Vs t) +24(bYaysS) (BY s 10)
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s b
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WA

Renormalization of Ep

Diagrams generating Ep



Perturbative series for the Wilson coefficient at u© = pug ~ m;, Mw:

Calpo) = C% (1) + 205 (ko) + (52)° C% (o) + %2 ApwCalho) + - -

The top quark mass is MS-renormalized at po with respect to QCD, and on shell with respect

to the EW interactions. Both a; and a.,, are MS-renormalized at po in the effective theory.

0.21“““““““““‘w\ww“\‘

50

100

150 200

Mo in GeV

250

300

01(4”) — CZV,(H) i ij(n)

To deal with single-scale tadpole integrals,

we expand around y = 1 (solid lines) and

around y = 0 (dashed lines), where y = My, /my.

The expansions reach (1 —y?)!® and y!2 , respectively.

The blue band indicates the physical region.

Matching scale dependence of |C4|? gets significantly
reduced. The plot corresponds to AgwC (o) = 0.
However, with our conventions for m; and the global

normalization, po-dependence is due to QCD only.

NNLO fit (Wlth AEWcA(,LLQ> — O)

— M, \152 (au(Mz)) "%
C4 = 0.4802 (173.1) ( 0.1184 ) + O(aem)



Evaluation of the NLO EW matching corrections in the SM
[C. Bobeth, M. Gorbahn, E. Stamou, Phys. Rev. D 89 (2014) 034023]

Method: similar to the NNLO QCD case. Two-loop integrals with three mass scales are present.

Dependence of the final result on pg in various renormalization schemes (dotted — LO, solid — NLO):
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In all the four plots: no QCD corrections to C4 included, m;(m;) w.r.t. QCD used.

0OS-2 scheme: Global normalization factor in Eeff set to [N = {'b‘VtS G%MI%V/WQ

Masses at the LO renormalized on-shell w.r.t. EW interactions (including My in N)
Plotted quantity: —2C 4 G3M32, /7% in GeV 2
NLO EW matching correction to the BR: —3.7%

other schemes: Global normalization factor in Luf set to 4%2‘/23 GF/\/E
At the LO, aem(po) used

MS: Masses and sin? Oy renormalized at Lo
OS-1: Masses as in OS-2, sin? Oy on-shell
HY (hybrid): Masses as in OS-2, sin® 8y as in MS.



Radiative tail in the dimuon invariant mass spectrum
100;
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green vertical lines — experimental “blinded” windows [CMS and LHCb, Nature 522 (2015) 68]

Red line — no real photon and/or radiation only from the muons. It vanishes when 1M, — 0.

[A.J. Buras, J. Girrbach, D. Guadagnoli, G. Isidori, Eur.Phys.J. C72 (2012) 2172]
[S. Jadach, B.F.L. Ward, Z. Was, Phys.Rev. D63 (2001) 113009], Eq. (204) as in PHOTOS

Blue line — remainder due to radiation from the quarks. IR-safe because B s 1s neutral.

Phase-space suppressed but survives in the 771 m —> 0 limit.

[Y.G. Aditya, K.J. Healey, A.A. Petrov, Phys.Rev. D87 (2013) 074028]
[D. Melikhov, N. Nikitin, Phys.Rev. D70 (2004) 114028]

Interference between the two contributions is negligible — suppressed both by phase-space and mi / M 2 R

9]



Enhanced QED effects in B; — Ay
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Their explicit calculation implies that the previous results for all the B, — £t£~ branching ratios

need to be multiplied by

Nomp = 0-993 % 0.004.
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Thus, despite the q—enhancement, the effect is well within the previously estimated :|:1.5%

non-parametric uncertainty.
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Consequently, the relative QED correction scales like afrm A

q

Their explicit calculation implies that the previous results for all the B, — £t£~ branching ratios

need to be multiplied by

Nomp = 0-993 % 0.004.

Mp
A

Thus, despite the q—enhancement, the effect is well within the previously estimated :|:1.5%

non-parametric uncertainty.

However, it is larger than :I:O.?)% due to scale-variation of the Wilson coefficient C A( /,Lb)



SM predictions for all the branching ratios B, = E(Bg — £1747)
including 2-loop electroweak and 3-loop QCD matching at pug ~ my
[ C. Bobeth, M. Gorbahn, T. Hermann, MM, E. Stamou, M. Steinhauser, PRL 112 (2014) 101801]

B, x 10 = n,,,(8.54 = 0.13) R, R,

B, x 10° = 1,,,(3.65 £ 0.06) Ry, R,
Bor x 107 = 1., (7.73 £ 0.12) Ry, R,
Bge x 10" = 1, (2.48 £ 0.04) Ry Ry,
B, x 10" = 1., (1.06 £ 0.02) R;, Ra,
Bar X 10° = n,,,(2.22 £ 0.04) Ry Ry,

where

< Mt )3.06 (as(MZ)> —0.18

173.1 GeV 0.1184 ’

R _ (fBS[MeV]f( [ Vel )2<|Vtzvts/vcb|>2 Tir [ps]
? 227.7 0.0424 0.980 1.615

Rta

Ry = (de[MeV]>2<I‘QZ‘4dI)2T§‘V [ps]
190.5 0.0088) 1.519



Update of the input parameters

2014 paper | this talk | source
M,[GeV] | 173.1(9) |172.69(30) | PDG 2022, http://pdglive.1lbl.gov
as(Mz) 0.1184(7) | 0.1179(9) | arXiv:2203.08271, Eq.(9.2)
f5. [GeV] | 0.2277(45) | 0.2303(13) | FLAG, arXiv:2111.09849
f5,[GeV] | 0.1905(42) | 0.1900(13) | FLAG, arXiv:2111.09849
|Vep| X 103 42.40(90) | 42.16(50) | inclusive, arXiv:2107.00604
|ViiVis| /| Ves| | 0.9800(10) | 0.9819(5) | derived from CKMfitter 2019, http://ckmfitter.in2p3.fr
|V,iVia| X 10* 88(3) 87.119-5% | CKMfitter 2019, http://ckmfitter.in2p3.fr
Ts [Ps] 1.615(21) | 1.616(10) | HFLAV 2022, https://hflav.web.cern.ch
7 [ps] 1.519(7) 1.519(4) | HFLAV 2022, https://hflav.web.cern.ch
B, x 10° 3.65(23) 3.66(12)
By, x 101 1.06(9) 1.0219:08
Sources. Of. B CKM TH M, Ol other non- >
uncertainties ! parametric | parametric
By |1.1% 2.4% 0.6%|0.5% 0.2%| < 0.1% 1.5% 3.2%
Bau |1.4% (20% 0.3%|0.5% 0.2% | < 0.1% 1.5% | (3%




Summary

® Uncertainties in the SM predictions for qu are dominated by the
parametric ones, mainly due to the decay constants and CKM factors.

® In the B, case, resolving the inclusive-exclusive tension in |V_|
would help a lot.

® The central values of the SM predictions for ES“ and Edu are in good
agreement with the data from LHCb, CMS and ATLAS.

e Some of the QED corrections involve non-perturbative physics beyond
what is contained in the decay constants. Despite the powerlike
enhancement factors in such corrections, the non-parametric

uncertainty can be retained at the +1.5% level.



